Although skin tumors are highly immunogenic, exposure to UV radiation is known to suppress immune responses via regulatory T cells. Specifically, the activity of cytotoxic lymphocyte-associated antigen-4 (CTLA-4) is integral in regulating the development of UV-induced tolerance and, concomitantly, skin cancers. Due to the inverse relationship between tumor surveillance and autoimmunity, we hypothesize that the same genetic variant in the CTLA4 locus that increases risk for autoimmune diseases is associated with decreased risk of non-melanoma skin cancer (NMSC). We analyzed whether the polymorphism CT60 or haplotypes of CTLA4 influence odds of developing the major types of NMSC, basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), in a population-based case-control study of Caucasians in New Hampshire (849 controls, 930 BCC, and 713 SCC). The CTLA4 CT60 GG genotype was associated with decreased odds for BCC and SCC, controlling for age, sex, lifetime number of severe sunburns, and skin type [BCC: odds ratio (OR), 0.7; 95% confidence interval (95% CI), 0.5-0.9; SCC: OR, 0.7; 95% CI, 0.5-1.0]. For BCC, this decrease was apparent largely among those with a higher lifetime number of severe sunburns (P interaction = 0.0074). There were significantly decreased odds of disease associated with two haplotypes, which possess the CT60 G allele. Additionally, lifetime number of severe sunburns modestly altered the effects of the CTLA4 haplotypes in BCC, and the association seemed driven by the CT60 single nucleotide polymorphism. In conclusion, genetic variation at the CTLA4 locus may be etiologically important in NMSC, the most prevalent malignancy in the United States.
Introduction
Immunity, specifically the ability of the immune system to prevent outgrowth of abnormal cells, is a key component of cancer prevention. This involves a delicate balance between activation of tumor surveillance mechanisms while concomitantly avoiding development of autoimmunity. Central to this process of recognizing malignant ''nonself '' from normal ''self '' are T-regulatory (Treg) cells. Treg cells exist in the tumor environment where they can suppress CTL activity, inhibiting the normal antitumor response of the body (1) . Expressed on Treg cells, cytotoxic lymphocyte-associated antigen-4 (CTLA-4) interacts with antigenpresenting cells to inhibit T-cell activation (2, 3) . CTLA-4 is important to the proper functioning of Tregs as antibody neutralization of CTLA-4 on Tregs ablates their suppressive activity (4) .
Non-melanoma skin cancers (NMSC) are particularly immunogenic. In humans, organ transplant recipients, who are highly immunosuppressed to prevent organ rejection, have >65-fold increased risk of developing squamous cell carcinoma (SCC) and 10-fold increased risk of developing basal cell carcinoma (BCC) of the skin (5) . In mice, transfer of skin tumor cells from syngeneic donors leads to tumor rejection, unless the mice are first immunosuppressed either by drugs or UV (6) (7) (8) . Experiments in mice have shown that UV-induced suppression of tumor surveillance can be adoptively transferred via spleen cells from a UVexposed mouse to a nonexposed mouse (9) . Transfer of either serum or nonviable splenic cells was not able to make the mice tumor susceptible, implying an active regulatory T lymphocyte, not a virus or soluble factor, was generated in response to UV.
CTLA-4 plays an important role in UV-induced immune suppression as well as in the development of skin cancers. Neutralizing CTLA-4 antibodies block the development of hapten-specific tolerance due to UV exposure in normal mice (10) . In addition, depletion of CTLA-4 + cells from spleen and lymph node cells blocks the ability of UV-exposed mice to transfer hapten-specific tolerance to unexposed mice, whereas administering a small number of just the CTLA-4 + cells allows adoptive transfer to occur (10) . Aside from being a marker of Tregs developed as part of UV-induced immune suppression, CTLA-4 seems to have a vital role in Treg functioning. Additionally, transgenic mice that express a skin-specific CTLA-4 antagonist, CTLA-4Ig, developed fewer skin tumors after chronic exposure to UV (11) . They were more resistant to UV-induced immunosuppression of delayed-type hypersensitivity reactions than wild-type counterparts, potentially due to an innate Th1 bias in these animals (11) . Further, in mice experiments, activity specific to CTLA-4 seems to be integral in regulating the development of UV-induced tolerance and, concomitantly, skin cancers.
In humans, the genetic region that includes CTLA4 is highly variable, and several variants in this gene have been associated with autoimmune diseases (reviewed in ref. 12) . Recently, one study reported a new single nucleotide polymorphism (SNP), CT60, in the 3 ¶-untranslated region of CTLA4 in which the G allele was associated with increased risk of type 1 diabetes, autoimmune thyroid disease, and Graves' disease (13) . Further functional examination of the SNP determined that it altered basal Treg frequency, such that the G allele was associated with lower Treg levels (14) . Due to the inverse relationship between tumor surveillance and autoimmunity, we hypothesize that the same genetic variant in the CTLA4 locus that increases risk for autoimmune diseases is associated with decreased risk of NMSC. In this study, we examine the association of both the purported functional SNP CT60 and CTLA4 haplotypes with NMSC and for the presence of effect modification by UV exposure or pigmentation.
Materials and Methods
Study population. Newly diagnosed cases of histologically confirmed BCC and SCC in New Hampshire were identified using an incident survey established through the collaboration of dermatologists, dermatopathologists, and pathology laboratories throughout the state and bordering regions from July 1, 1993 to June 30, 1995 (series 1) and July 1, 1997 to March 30, 2000 (series 2; ref. 15) . The study design for The New Hampshire Health Study has been described previously by Karagas and colleagues (15) . Briefly, eligibility criteria for cases were as follows: (a) between the ages of 25 and 74 y, (b) had a listed telephone number, and (c) spoke English. Eligible SCC cases and a ratio of approximately two to one BCC cases in series 1 and one to one ratio in series 2 were selected to take part in the study. The BCC cases were randomly sampled to ensure representativeness of age, sex, and anatomic site for all incident BCCs within New Hampshire. Controls ages 25 to 64 y were identified from the New Hampshire State Department of Transportation files and those ages 65 to 74 y were obtained from enrollment lists from the Center for Medicaid and Medicare Services. Potential controls were frequency matched on age and gender to the combined distribution of case groups.
A personal interview was conducted with consenting cases and controls, with about 80% of cases and 72% of controls agreeing to participate. The interviews, usually conducted in the participant's home, covered demographic factors, pigmentation characteristics, sun exposure and sensitivity, and other factors (15) . Blood draws and/or buccal samples were obtained from cases and controls from both phases of the study for DNA analysis. Approximately 85% of subjects consented to providing a DNA sample; 90% of which were blood derived. All study protocol and materials were approved by the Dartmouth College Committee for the Protection of Human Subjects, and all participants provided informed consent.
SNP selection and genotyping. Gene sequence of chromosome section 2q33 (nucleotides 204556102-204571101) was obtained from Genbank. 8 Tagging SNPs were chosen using the Haploview program, with a minor allele frequency z0.05 and r 2 threshold = 0.8. Eight haplotype-tagging SNPs were found using this method (rs16840252, rs231731, rs11571317, rs733618, rs5742909, rs3087243, rs231775, and rs231777). Additionally, SNPs rs11571302 and rs11571297 were reported (13) to be associated with several autoimmune diseases but are not listed in HapMap. Therefore, these SNPs were also genotyped. Genotyping for all SNPs was performed by the University of Minnesota Genotyping Facility in the Biomedical Genomics Center using the Sequenom platform. For rs231775, there was a high level of missing genotype data (>10%) using the Sequenom method, so it was regenotyped using a Taqman allelic discrimination platform (Applied Biosystems). Taqman primers, probes, and conditions are available on request. Among the samples successfully genotyped by both methods (n = 2,341), the genotype concordance was 97.7%. Therefore, we combined the genotype data collected by both methods for our final data set.
Statistical analyses. Adjusted odds ratios (ORs) and 95% confidence intervals (95% CI) for models examining the CT60 polymorphism as a risk factor for NMSC were obtained using unconditional logistic regression. All models were adjusted for age at diagnosis (continuous), gender, skin type, and lifetime number of severe sunburns. Self-reported sunburn history was described as the lifetime number of painful sunburns that last 2 or more days. For all analyses, cutoffs were determined based on the median within controls, creating groups of low (0-1) and high (z2) burns. The measure of skin type, skin reaction to acute sun exposure, was also dichotomized. Those who responded that they burned then tanned or only tanned were placed in the ''tanner'' category, whereas those who responded that they burned and peeled or burned and freckled were placed in the ''burner'' category. For all CT60 genotype associations, a univariate CochranArmitage test for trend was used.
To test for statistical interaction between CT60 genotype and sunburns, models were generated that included separate main effect terms for each of the variables (i.e., genotype and burns) as well as additional cross-product interaction terms. The log likelihood of the full model was then compared with the log likelihood from a similar model that did not contain the crossproduct terms, and a two-degree of freedom test was performed. A similar test was performed for haplotype-sunburns interaction, including six cross-product terms and using a six-degree of freedom test. All tests were two sided, and a P value of V0.05 was considered significant. Logistic regression was also used to analyze the effects of CT60 by anatomic site, controlling for age, sex, sunburns, and skin type. BCCs or SCCs that developed on the head or neck were grouped together as ''sun-exposed'' sites, whereas NMSCs that developed on any other site of the body were generally termed ''sun-protected'' sites. The distribution of these sites has been previously described (15) . In this study, 529 BCCs were on the head and neck and 300 were at other sites; for SCCs, 303 were on the head and neck and 183 were at other sites. For each histologic type, separate models were used to predict odds of disease at each anatomic site compared with controls. To generate the P values for differences by anatomic site, a case-case comparison was used for sun-exposed and sunprotected sites within each histology in logistic regression models adjusted for age, sex, sunburns, and skin type.
Haplotypes were estimated using the HAPPY macro in SAS v9.1.
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Unconditional logistic regression was performed using the most frequent haplotype as the referent group, and all models were controlled for age, gender, lifetime history of sunburns, and skin type. A global m 2 test was performed to assess association of haplotypes with BCC and SCC.
Results
Genotype data at the CTLA4 locus were available for 2,476 participants (849 controls, 930 BCC cases, and 713 SCC cases). The frequency distributions for age, sex, and other known risk factors for NMSC, such as skin reaction to acute sun exposure and lifetime number of sunburns, are shown in Table 1 . The average age of participants was 61.3 years (SD, 10.5) for controls, 58.7 years (SD, 11.1) for BCC, and 64.1 years (SD, 8.7) for SCC. In all groups, there were more men than women. As expected, BCC and SCC cases were more likely to burn and more likely to have experienced severe sunburns than controls.
In our population, the prevalence of the G allele of the CT60 polymorphism was 54.8%, similar to the prevalence of 54.2% reported in the CEU population of HapMap. After controlling for age, gender, skin type, and lifetime number of severe sunburns, the GG genotype was associated with a decrease in odds of both BCC and SCC (BCC: OR, 0.7; 95% CI, 0.5-0.9; SCC: OR, 0.7; 95% CI, 0.5-1.0). No association was observed between the heterozygote and either disease ( Table 2) .
The association between CT60 genotype and BCC, but not SCC, was strongest among those with a history of two or more severe sunburns (Table 3) . In this stratum, the heterozygote and the GG homozygote had decreased risk of BCC (AG: OR, 0.6; 95% CI, 0.4-0.9; GG: OR, 0.5; 95% CI, 0.3-0.7) compared with the AA genotype. In contrast, we did not observe evidence of effect modification by skin type in either histologic type of NMSC (BCC: P interaction = 0.98; SCC: P interaction = 0.64; data not shown).
When examining the effects by anatomic site, the GG genotype was associated with a statistically significantly decreased risk of BCCs of the head and neck (OR, 0.7; 95% CI, 0.5-1.0) and other sites (OR, 0.6; 95% CI, 0.4-0.9). However, there was no difference in effects between these sites (P = 0.42). Examining SCC, GG genotype was significantly associated with decreased risk of tumors of the head and neck (OR, 0.7; 95% CI, 0.5-1.0). A nonsignificant risk estimate was observed for other anatomic sites (OR, 0.8; 95% CI, 0.5-1.3), and the difference in CTLA4 CT60 risk by anatomic site was not statistically significant (P = 0.61).
For the haplotype analysis, 10 SNPs were genotyped. Two SNPs not in HapMap but identified in the literature, J031 (rs11571302) and J027_1 (rs11571297), were highly correlated with rs3087243 (97.3% and 96.0%, respectively) in our population and therefore 
were not included in the haplotype analysis. The final list of SNPs used for haplotype analysis is presented in Table 4 . The results of univariate and adjusted analysis for each of these SNPs are shown in Table 5 , and the results of the haplotype estimation are shown in Table 6 . Six haplotypes occurred with >0.05 frequency in the total population. The last category, H7, corresponds to the pool of all other haplotypes that did not reach this prevalence cutoff. The most prevalent haplotype H1 (0-0-0-0-0-1-0-0) was used as the referent group in all logistic regression models. Haplotype H2 (0-0-0-0-0-0-1-0), which contains the G allele of CT60, was associated with decreased odds of both BCC and SCC (BCC: OR, 0.8; 95% CI, 0.7-0.9; SCC: OR, 0.8; 95% CI, 0.7-1.0) when controlling for age, sex, lifetime number of severe sunburns, and skin type. Additionally, haplotype H5 (1-1-0-0-0-0-0-1), which also included the CT60 G allele, was associated with decreased risk of SCC only (OR, 0.6; 95% CI, 0.4-0.9). The global test on haplotypes suggested that the haplotypes were not strongly predictive for either disease (BCC: P = 0.14; SCC: P = 0.12). We further tested for effect modification between sunburn history and CTLA4 haplotypes (Table 7) . Although interaction terms were not statistically significant (BCC: P = 0.086; SCC: P = 0.79), among those with a high number of lifetime sunburns, haplotypes H2, H3 (1-1-0-0-1-0-0-1), and H5 were associated with a decreased odds of BCC (H2: OR, 0.6; 95% CI, 0.5-0.8; H3: OR, 0.7; 95% CI, 0.5-0.9; H5: OR, 0.6; 95% CI, 0.4-0.9); for SCC, H5 was associated with decreased odds of disease (OR, 0.5; 95% CI, 0.3-0.8). Finally, pigmentation did not seem to modify the haplotypic relationships for either type of cancer (BCC: P interaction = 0.34; SCC: P interaction = 0.79; data not shown).
When examining these effects by anatomic site, H2 was significantly associated with BCCs that developed at sites of low sun exposure (sites other than the head and neck: OR, 0.8; 95% CI, 0.6-0.9) and with BCCs that developed on the head or neck (OR, 0.8; 95% CI, 0.7-1.0); this difference between anatomic sites was not significant (P = 0.51). For SCCs, H2 and H5 were significantly associated with cancers of the head or neck (H2: OR, 0.8; 95% CI, 0.6-1.0; H5: OR, 0.6; 95% CI, 0.4-1.0); however, the difference by anatomic site was not significant for either haplotype (H2: P = 0.24; H5: P = 0.75).
Discussion
We have examined the role of genetic variation in the CTLA4 locus in NMSC, the most common cancer in the United States. Research. We found the GG genotype of SNP CT60 to be associated with decreased odds of both BCC and SCC compared with the AA genotype after controlling for age, sex, skin type, and lifetime number of severe sunburns. Additionally, there were no significant effects of genotype by anatomic site. One CTLA4 haplotype (H2) was associated with decreased risk of BCC, whereas two haplotypes (H2 and H5) were associated with decreased risk of SCC. Further, there was evidence of effect modification of haplotype risk by sunburns (BCC) but no differential effects by anatomic site.
To our knowledge, no previous studies have analyzed the association between variation at the CTLA4 locus and risk of NMSC. However, Cozar and colleagues (16) found an increased risk of renal cancer associated with the AA genotype of CT60 (OR, 2.12; 95% CI, 1.28-3.50) compared with the AG and GG genotypes pooled, which is consistent with our data. A study of breast cancer and CTLA4 promoter SNPs found no association between any of the three SNPs [À1722T/C (rs733618), À1661A/G (rs4553808), and À318C/T (rs5742909)] and case status (17) . In our population, we also found that haplotypes containing the variant alleles of these SNPs were not significantly associated with altered risk of cancer (rs4553808 and tagging SNP rs16840252 are in complete linkage disequilibrium). Finally, one small study examined the effect of CT60 on risk of gastric mucosa-associated lymphoid tissue lymphoma, a rare tumor of distinct etiology, and found no association (18) . Low power and differential effects of the SNP on solid tumors versus lymphomas could contribute to the null results in this study.
In our study, several haplotypes (H2, H3, and H5) were significantly associated with decreased odds of BCC among those who experienced a higher number of severe sunburns. The *Based on 801 controls, 900 BCC, and 685 SCC. cORs controlled for age at diagnosis, sex, skin reaction to first summer sun exposure for 1 h, and lifetime number of severe sunburns. bGlobal test on haplotypes: BCC, P = 0.14; SCC, P = 0.12.
x This category combines other haplotypes generated from these eight tagging SNPs with a frequency below 5%.
common allele these haplotypes share that differs from the referent group H1 is CT60G. Only one common haplotype, H6, that contained CT60G was not significantly associated with decreased odds of developing BCC, and it occurs at a relatively low frequency in our population. It is possible that lack of statistical power in the H6 haplotype group may have led to an imprecise estimate of association or, alternatively, that the H6 haplotype has a different biology than the other haplotypes containing CT60. Specifically, the variation captured in the H6 haplotype might affect the CTLA-4 response to sunburns. In addition, effects of similar magnitude and direction for haplotypes H2 and H5 were observed for the main effects of the haplotypes and the anatomic site effects. We believe that the CT60G allele may be driving this association and that the large number of degrees of freedom used by the haplotype analysis likely resulted in nonstatistically significant P values on the CTLA4 global haplotype test and for interaction terms. Exposure to UV light results in the development of Tregs that induce tolerance to tumor antigens (1) . High doses of UV exposure in combination with the CTLA4 CT60A allele that already has higher basal levels of Tregs could alter risk of NMSC. In this analysis, we used a high lifetime number of severe sunburns as a metric of UV exposure. Our results fit this model, as decreasing the number of A alleles is associated with decreased risk of BCC in those with a high lifetime number of sunburns. Similar gene-burns interactions were observed for BCC and SCC in this population with the UV immune suppression gene histidine ammonia lyase (HAL), which synthesizes a photoreceptor for the pathway (19) .
Although skin type is a major risk factor for NMSC, we found no interaction between CT60 genotype and self-reported skin type. This result is consistent with past evidence that the prevalence of UV immunosuppression susceptibility is invariant across Caucasian, African-American, and Indian-American populations (20) .
Interestingly, there were no differential effects of either CT60 or CTLA4 haplotypes by anatomic site. This may be related to the nature of UV-induced immunosuppression, which can be both local and systemic. Hapten applied to UV-irradiated skin immediately after acute, low-dose exposure results in only local suppression within the first 24 hours, but 3 days after application, systemic suppression is observed (21) . Our data support the concept of systemic UV-induced immunosuppression, as the effects of genotypes and haplotypes were as strong on sun-protected sites as they were on sun-exposed sites.
One of the advantages of this study is the use of both a candidate functional SNP approach as well as a haplotype-tagging SNP approach. In testing association between a purported functional SNP and risk of disease, we can have greater confidence that it is the causal SNP as there is prior evidence of mechanism. Additionally, the use of haplotype-tagging SNPs helps capture most of the variation in a gene. The results of both single SNP analysis and haplotype analysis indicate that CT60 is the relevant SNP within the CTLA4 locus that is associated with risk of NMSC.
In this study, we have elucidated the important role of CTLA4 variation, specifically the purported functional SNP CT60, in skin cancer risk. Our data suggest that the CT60G allele, and the resulting lower Treg frequency, is associated with significantly decreased risk of NMSC, most likely due to decreased tumor surveillance. Although our study only examines its effects on NMSCs, these cancer types are thought of as excellent model systems for studying the role of the immune system in the etiology of solid tumors.
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